Introduction
============

Erectile dysfunction (ED), defined as the inability to achieve or maintain an erection sufficient for satisfactory sexual performance, is common.[@b1-tcrm-10-701] Clinicians face a complex set of questions, as ED has physical, psychological, and emotional implications. Numerous studies have elucidated the psychosocial ramifications of ED, suggesting profound psychological distress that can impair a patient's quality of life.[@b2-tcrm-10-701],[@b3-tcrm-10-701] Specifically, afflicted men experience a depreciated sense of self-worth, impaired social functioning, and marital problems.[@b2-tcrm-10-701],[@b3-tcrm-10-701] It is noteworthy that ED is a widespread complaint, affecting 18 million men in the USA and 150 million men worldwide.[@b4-tcrm-10-701],[@b5-tcrm-10-701] These figures are expected to double by 2025 due to the aging population and increasing frequency of related health problems.[@b4-tcrm-10-701]

The first line of medical therapy for ED is phosphodiesterase (PDE) 5 inhibitors.[@b1-tcrm-10-701],[@b6-tcrm-10-701],[@b7-tcrm-10-701] These drugs augment the natural physiologic process of tumescence.[@b6-tcrm-10-701],[@b8-tcrm-10-701] During penile erection, nitric oxide stimulates cyclic guanosine monophosphate (cGMP) production in vascular smooth muscle cells of the corpus cavernosum.[@b6-tcrm-10-701],[@b9-tcrm-10-701] cGMP acts through a series of intracellular pathways to lower the intracellular level of calcium that, in turn, causes cavernosal smooth muscle relaxation and penile arterial vessel dilation.[@b6-tcrm-10-701],[@b9-tcrm-10-701]

PDE5 is the primary enzyme responsible for the catabolism of cGMP in these cells, thereby mediating the detumescent signal.[@b6-tcrm-10-701],[@b8-tcrm-10-701],[@b10-tcrm-10-701],[@b11-tcrm-10-701] The discovery of oral PDE5-inhibitor drugs that can inhibit this enzyme has transformed the therapeutic options available to this patient population.[@b6-tcrm-10-701] PDE5 inhibitors are structural analogs of cGMP that competitively bind to the catalytic site of PDE5 and inhibit its hydrolytic activity.[@b6-tcrm-10-701],[@b8-tcrm-10-701],[@b10-tcrm-10-701],[@b11-tcrm-10-701] Elevated cGMP levels increase penile blood flow and amplify the neurologic signal for erection.[@b6-tcrm-10-701],[@b8-tcrm-10-701],[@b10-tcrm-10-701],[@b11-tcrm-10-701]

PDE5 inhibitors, which include sildenafil, vardenafil, tadalafil, and avanafil, have been widely accepted as first-line therapy for various forms of ED.[@b1-tcrm-10-701],[@b6-tcrm-10-701]--[@b8-tcrm-10-701],[@b12-tcrm-10-701] This includes organic ED, psychogenic ED, and mixed ED, as well as patients with concurrent diabetes, cardiovascular disease, and a history of urologic pelvic surgery.[@b6-tcrm-10-701],[@b8-tcrm-10-701],[@b12-tcrm-10-701] Overall, efficacy rates for PDE5 inhibitors are reported to be as high as 60%--80%.[@b1-tcrm-10-701],[@b6-tcrm-10-701]--[@b8-tcrm-10-701],[@b12-tcrm-10-701] Commonly reported adverse effects include headache, flushing, dyspepsia, visual disturbances, and myalgia.[@b6-tcrm-10-701],[@b8-tcrm-10-701],[@b10-tcrm-10-701],[@b11-tcrm-10-701] These side effects are attributed to the current PDE5 inhibitors' effect on other PDE isoenzymes, an element that is addressed in this review.[@b6-tcrm-10-701],[@b8-tcrm-10-701],[@b10-tcrm-10-701],[@b11-tcrm-10-701]

It is important to note that there still remains a substantial subset -- approximately 30% -- of patients who fail current PDE5 inhibitor therapy.[@b1-tcrm-10-701],[@b6-tcrm-10-701]--[@b8-tcrm-10-701],[@b12-tcrm-10-701] This may be due to lack of physiologic response, intolerable adverse effects, or a combination of the two.[@b6-tcrm-10-701],[@b10-tcrm-10-701] Consequently, researchers are attempting to modulate current PDE5 inhibitors to create safer and more effective options. There are several drugs in development, including JNJ-10280205, JNJ-10287069, lodenafil, mirodenafil, SLx-2101, and udenafil.[@b10-tcrm-10-701]--[@b14-tcrm-10-701] Mirodenafil and udenafil are only approved for use in Korea.[@b12-tcrm-10-701],[@b13-tcrm-10-701],[@b15-tcrm-10-701] The remainder of the drugs are still in clinical testing.[@b12-tcrm-10-701],[@b13-tcrm-10-701],[@b15-tcrm-10-701]

This review focuses on avanafil, a highly selective second-generation oral PDE5 inhibitor originally developed by Mitsubishi Tanabe Pharma Corporation (Yokohoma, Japan) under the substance code TA-1790 and purchased by Vivus (Mountain View, CA, USA), which has completed Phase III clinical trials, and was recently approved by the US Food and Drug Administration.[@b10-tcrm-10-701],[@b13-tcrm-10-701],[@b15-tcrm-10-701]--[@b17-tcrm-10-701] Studies have demonstrated that avanafil offers increased selectivity for the PDE5 isoenzyme, which may be important in reducing the incidence of adverse effects.[@b10-tcrm-10-701],[@b13-tcrm-10-701],[@b15-tcrm-10-701],[@b17-tcrm-10-701] Furthermore, avanafil has a faster onset of action, shorter duration of action, and fewer drug interactions than current PDE5 inhibitor options.[@b10-tcrm-10-701],[@b13-tcrm-10-701],[@b15-tcrm-10-701],[@b17-tcrm-10-701] With this drug profile, avanafil appears to be a favorable option for ED patients.

Pharmacological profile of avanafil
===================================

Avanafil (4-\[(3-chloro-4-methoxybenzyl) amino\]-2-\[2-(hydroxymethyl)-1-pyrrolidinyl\]-*N*-(2-pyrimidinylmethyl)-5-pyrimidinecarboxamide; (S)-2-(2-hydroxymethyl-1-pyrrolidinyl)-4-(3-chloro-4-methoxybenzylamino)-5-\[(2-pyrimidinylmethyl)carbamoyl\] pyrimidine) is a pyrimidine derivative that has a molecular weight of 483.95 and exists as a single enantiomer with S stereochemistry.[@b10-tcrm-10-701],[@b11-tcrm-10-701],[@b17-tcrm-10-701] It presents as a white crystalline powder in its pure form, which is minimally soluble in water and moderately soluble in organic solvent. Solubility testing at various pH values revealed increased solubility in acidic buffers (approximately pH 4) and decreased solubility in neutral and alkaline buffers.[@b11-tcrm-10-701],[@b17-tcrm-10-701]

Avanafil is a potent inhibitor of PDE5, as demonstrated by its half-maximal inhibitory concentration of 4.3--5.2 nM.[@b18-tcrm-10-701] It reaches its maximal concentration in plasma (T~max~) 30--45 minutes after dosing, indicating rapid diffusion into the bloodstream when administered orally.[@b18-tcrm-10-701],[@b19-tcrm-10-701] This stands in contrast to the existing PDE5 inhibitors, sildenafil, vardenafil, and tadalafil, with T~max~ values of 60 minutes, 60 minutes, and 120 minutes, respectively.[@b19-tcrm-10-701]--[@b21-tcrm-10-701] Thus, in the fasting state, avanafil appears to offer a faster onset of action than current therapies ([Table 1](#t1-tcrm-10-701){ref-type="table"}).

Absorption of avanafil from the gastrointestinal tract is affected by coadministration of food. When avanafil is taken with a high-fat meal, T~max~ is delayed 1.12--1.25 hours, compared to 1 hour for sildenafil and vardenafil.[@b13-tcrm-10-701],[@b22-tcrm-10-701]--[@b24-tcrm-10-701] Tadalafil is unaffected by coadministration of a high-fat meal.[@b21-tcrm-10-701],[@b25-tcrm-10-701]

Another clinical difference between these drugs is duration of action. Avanafil has a plasma half-life (T~1/2~) of 3--5 hours and a maximal duration of action of 6 hours.[@b13-tcrm-10-701],[@b18-tcrm-10-701] Sildenafil has a similar T~1/2~ of approximately 4 hours, but efficacy can last up to 12 hours.[@b19-tcrm-10-701],[@b26-tcrm-10-701],[@b27-tcrm-10-701] Vardenafil shares similar pharmacokinetic properties as sildenafil. It has a T~1/2~ of 4--5 hours and its efficacy can last 12 hours.[@b13-tcrm-10-701],[@b20-tcrm-10-701] The main exception within this group is tadalafil. Tadalafil offers a longer duration of action: its T~1/2~ is 17.5 hours and efficacy is maintained for up to 36 hours.[@b21-tcrm-10-701],[@b27-tcrm-10-701],[@b28-tcrm-10-701] Avanafil's pharmacokinetic profile, particularly its shorter period of efficacy, may offer a unique option to patients with ED.

Pharmacodynamics
================

There are several PDE isoenzymes distributed in tissues throughout the body. The PDE5 inhibitors used to treat ED specifically aim to inhibit the PDE enzyme within the smooth muscle of the corpus cavernosum. However, these drugs can also sometimes exert activity against PDE isoenzymes in other tissues, leading to adverse events (AEs) ([Table 2](#t2-tcrm-10-701){ref-type="table"}). The selectivity of any of these drugs for the various PDE isoenzymes defines its side effect profile ([Table 3](#t3-tcrm-10-701){ref-type="table"}).[@b29-tcrm-10-701]--[@b31-tcrm-10-701]

PDE6 is located in the retina and is involved in signal transduction in the photoresponse of the eye.[@b29-tcrm-10-701]--[@b31-tcrm-10-701] PDE5 inhibitors that cross-react with PDE6 have been associated with visual disturbances, specifically transient cyanopsia (perception of a bluish tinge to vision), sensitivity to light, and blurred vision.[@b29-tcrm-10-701]--[@b32-tcrm-10-701] These effects are typically mild and transient, and occur at the T~max~ of the particular drug. Within this group, sildenafil has been most associated with visual AEs, occurring in 5% of patients receiving sildenafil compared to \<1% of patients receiving placebo. These effects were dose-dependent, and patients on higher doses of sildenafil, such as 100 and 200 mg, have reported an increased incidence of visual AEs.[@b32-tcrm-10-701]--[@b34-tcrm-10-701] Vardenafil and tadalafil have fewer reported visual AEs, with incidences of 2% and 0.1%, respectively.[@b34-tcrm-10-701]

An in vitro study demonstrated the relative selectivity of PDE5 inhibitors against various PDE isoenzymes.[@b31-tcrm-10-701],[@b35-tcrm-10-701] For PDE6, avanafil had greater selectivity (121-fold) than sildenafil (16-fold) and vardenafil (21-fold), but less selectivity than tadalafil (550-fold). A study of anesthetized dogs reflected these findings.[@b36-tcrm-10-701] As assessed by electroretinogram (ERG), avanafil had less effect on retinal function than sildenafil. Intraduodenal doses of avanafil (10 and 30 mg/kg) did not affect the ERG waveform. Conversely, administration of sildenafil affected the ERG waveform, causing a delay in the peak of the ERG positive wave. This effect can be explained by increased inhibition of PDE6 by sildenafil, thereby slowing phototransduction in the retina. Hence, this in vivo study confirms avanafil's superior selectivity for PDE6 when compared with sildenafil.

PDE1 is involved in vascular smooth muscle contraction throughout the body.[@b29-tcrm-10-701]--[@b31-tcrm-10-701],[@b37-tcrm-10-701] The PDE5 inhibitors that cross-react with PDE1, particularly sildenafil, have been associated with cardiovascular effects. These include hypotensive events, especially with coadministration of nitrates, which are used as a vasodilating treatment medication for unrelenting angina pectoris. For this reason, current PDE5 inhibitors are contraindicated for concurrent use with nitrates. PDE5 inhibitors can also potentiate the hypotensive effects of alpha-blockers, causing symptomatic hypotension. The coadministration of currently approved PDE5 inhibitors with alpha-blockers should be administered with caution.[@b19-tcrm-10-701]--[@b21-tcrm-10-701]

Given the cardiovascular effects of current PDE5 inhibitors, it is important to investigate suitable options for ED patients with coexistent cardiovascular conditions that may necessitate use of blood-pressure lowering medications. Among current PDE5 inhibitors, tadalafil has the highest selectivity for PDE1 (\<10,000-fold), while vardenafil (1,000-fold) and sildenafil (375-fold) have significantly lower selectivities for this enzyme. Avanafil has comparable selectivity to tadalafil for PDE1 (10,200-fold).[@b31-tcrm-10-701],[@b35-tcrm-10-701]

The hemodynamic effects of avanafil were compared with sildenafil in a study of anesthetized dogs.[@b36-tcrm-10-701] Intravenous administration of either drug alone significantly decreased systemic blood pressure and total peripheral resistance. However, whereas sildenafil affected heart rate and resistance of the common carotid and vertebral arteries, avanafil had no effect on these vascular parameters. This study then investigated synergistic effects of either sildenafil or avanafil with the coadministration of nitroglycerin (NTG). Though both drugs were shown to potentiate NTG-induced hypotension, avanafil's potentiating effects were weaker and shorter in duration. These results correlate with the in vitro study indicating avanafil's superior selectivity for PDE1.[@b35-tcrm-10-701] Avanafil was also shown to potentiate sodium nitroprusside-induced inhibition of platelet aggregation to a lesser extent than sildenafil.[@b11-tcrm-10-701],[@b17-tcrm-10-701] Avanafil appears to provide a favorable pharmacodynamic profile, particularly for patients with cardiovascular compromise, as it has been shown to have a weaker and briefer interaction with organic nitrates.

Another PDE isoenzyme that has been studied for its role in PDE5-inhibitor side effects is PDE11, which is located in skeletal muscle as well as the prostate and testes.[@b31-tcrm-10-701],[@b35-tcrm-10-701] Tadalafil is far less selective (25-fold) for PDE11 than the other approved PDE5 inhibitors. Though this cross-reactivity does not appear to impact testicular function or spermatogenesis, it may affect skeletal muscle.[@b38-tcrm-10-701] Back pain and myalgia are reported in 5% and 2% of patients taking tadalafil, respectively.[@b13-tcrm-10-701] Avanafil showed favorable selectivity for PDE11 (\>19,000-fold) compared to the other three current PDE5 inhibitors on the market.[@b31-tcrm-10-701],[@b35-tcrm-10-701]

Pharmacokinetics and metabolism
===============================

Comparison of avanafil and sildenafil in anesthetized dogs revealed quicker onset of action for avanafil.[@b35-tcrm-10-701] Time to peak response for avanafil and sildenafil was 10 and 30 minutes, respectively. This study also demonstrated comparable efficacy of these two PDE5 inhibitors. At maximal drug concentrations, avanafil and sildenafil potentiated penile tumescence by 325% and 304% (intravenous), and 415% and 358% (intra-duodenal), respectively. The 200% effective doses of avanafil and sildenafil on tumescence were 37.5 μg/kg and 34.6 μg/kg after intravenous injection, respectively. Both drugs produced dose-dependent changes in intracavernosal pressure following pelvic nerve stimulation. The efficacy of avanafil in vivo was also demonstrated in a study of type 2 diabetic rats.[@b39-tcrm-10-701] Intracavernosal injection of avanafil partially restored diminished erectile responses in diabetic rats.

Avanafil is cleared by hepatic metabolism, primarily by the cytochrome P450 isoenzyme CYP3A4 and, to a smaller extent, by the CYP2C isoenzyme. Its two major metabolites are M4 and M16. The plasma concentration of M4 is 23% of that of the parent compound. It has an in vitro inhibitory potency for PDE5 that is 18% of that of the parent compound and it accounts for 4% of total pharmacologic activity. The plasma concentration of the M16 metabolite is 29% of that of the parent compound; it does not exert any pharmacologic activity against PDE5.[@b22-tcrm-10-701] Avanafil and its metabolites are primarily excreted in the feces after oral and intravenous dosing. In vivo studies of rats and dogs demonstrated nearly total elimination of avanafil and its metabolites from plasma 96 hours after intravenous administration.[@b11-tcrm-10-701]

Clinical efficacy, safety, and tolerability
===========================================

Phase I studies
---------------

A Phase I study of 32 male subjects investigated the pharmacokinetics and tolerability of avanafil.[@b40-tcrm-10-701] Avanafil had a mean T~max~ of 20--31 minutes, signifying rapid absorption from the gastrointestinal tract. Measurement of drug elimination yielded variable results, with mean T~1/2~ of 5.36--10.66 hours. Importantly, this study demonstrated that avanafil did not accumulate to a significant extent in the plasma of patients after 7 days of receiving the highest daily dose (200 mg). Avanafil exhibited linear pharmacokinetic properties at all administered doses (50, 100, and 200 mg), as measurements of area under the curve and maximal concentration in plasma were dose-dependent.

AEs occurred in 80% of patients receiving avanafil, compared to 67% of those receiving placebo. The most common AEs were flushing, headache, and dizziness. All AEs were mild; none required intervention. Furthermore, patients did not experience any clinically relevant changes in vital signs, electrocardiogram (EKG), or color discrimination. This study was limited by two deficiencies. First, the subjects were young and healthy (mean age of 23.4 years), which may not match up with the age and health status of patients using avanafil for ED. Second, the sample size was small, which limits extrapolation to a larger population.

The interaction of avanafil with organic nitrates was compared with sildenafil in a Phase I study of 106 healthy males.[@b41-tcrm-10-701] Subjects received an NTG tablet in varying increments following prior dosing with either avanafil or sildenafil. Hemodynamic effects were assessed by systolic blood pressure, diastolic blood pressure, and heart rate. Avanafil documented superiority to sildenafil in several parameters. Compared with sildenafil, avanafil resulted in smaller changes in blood pressure and heart rate when administered with NTG. Avanafil also caused fewer clinically significant reductions in systolic blood pressure (≥30 mmHg) than sildenafil (15% versus 29%). However, the incidence of symptomatic hypotensive AEs was comparable with avanafil or sildenafil use: 27% and 29%, respectively. Moreover, avanafil appeared inferior to sildenafil in one area. Four subjects on avanafil experienced syncope, compared to only one patient on sildenafil. Despite the incidence of syncopal events, it appears as though avanafil has a smaller potentiating effect on hemodynamics with concomitant use of NTG when compared to sildenafil. This supports the increased specificity of avanafil for PDE5 over other PDE isoenzymes, particularly PDE1.[@b31-tcrm-10-701],[@b35-tcrm-10-701],[@b36-tcrm-10-701]

The duration of the interaction between these PDE5 inhibitors and NTG was elucidated by Swearingen et al.[@b41-tcrm-10-701] Both avanafil and sildenafil had maximal synergistic effects on hemodynamics when NTG was administered 30 minutes after dosing of the PDE5 inhibitor. Hemodynamic effects of both drugs declined after that time point. Significantly, whereas avanafil had no significant effect on blood pressure and heart rate if administered 8 hours after NTG, sildenafil maintained an effect up to 12 hours. Avanafil has a documented quick onset of action and short duration of effect, and these properties may result in briefer interactions with drugs with similar mechanisms, such as organic nitrates.

Phase II studies
----------------

A Phase II single-blind multi-centered randomized crossover study evaluated the safety and efficacy of avanafil compared to sildenafil and placebo.[@b42-tcrm-10-701] The study group included 83 males aged 35--70 years, all with a subjective complaint of mild to moderate ED of ≥6 months' duration. Subjects were randomized to receive the following treatments in random sequence: placebo; sildenafil 50 mg; and either avanafil 50 mg, avanafil 100 mg, or avanafil 200 mg. At each appointment, patients were given visual sexual stimulation (VSS) to watch during discrete 20-minute periods beginning 20 minutes before dosing and concluding 120 minutes after dosing. Erectile function was assessed by measurement of penile rigidity using a RigiScan (Dacomed Corporation, Minneapolis, MN, USA) apparatus. The primary efficacy variable outcomes included rigidity parameters -- time to ≥60% rigidity, duration of ≥60% rigidity, maximum rigidity, tumescence activity units (TAUs), and rigidity activity units (RAU) -- and responses to the five point Erection Assessment Scale.[@b42-tcrm-10-701]

Patients' choices for response to the Erection Assessment Scale included "no response", "some enlargement", "full enlargement", "erection sufficient for intercourse", and "rigid erection". Primary safety end points included any AEs, vital sign changes, physical exam findings, and laboratory tests (complete blood count (CBC), chemistry panel, prostate specific antigen (PSA), serum testosterone, prothrombin time, and urine analysis).

The peak response to avanafil occurred in the early interval (20--40 minutes after dosing) for patients at all doses, while the peak response for sildenafil 50 mg occurred in the middle (60--80 minutes) or late (100--120 minutes) intervals. During the early interval, the avanafil 100 mg and 200 mg treatments were superior to sildenafil 50 mg for duration of ≥60% rigidity; however, sildenafil 50 mg was superior to avanafil during the late interval. The time from beginning of VSS to ≥60% rigidity was significantly shorter with avanafil 100 mg and 200 mg compared to placebo. In comparison, the majority of patients receiving sildenafil 50 mg did not experience reduced time to ≥60% rigidity when compared to placebo. During the early interval, TAU and RAU values were superior with all avanafil treatments compared to placebo. Differences in TAUs between avanafil and placebo therapies were most frequent during the early and middle intervals. During the late interval, only the 200 mg treatment was found to be superior to placebo for TAUs. This supports the aforesaid conclusions that avanafil has quicker onset of action and shorter duration of action. Significant differences for TAUs between sildenafil and placebo were most frequently noted during the middle and late intervals, and sildenafil 50 mg was superior to avanafil 100 mg during the late interval. This confirms that sildenafil has delayed onset of action, and greater T~max~, when compared with avanafil.

All reported AEs for patients receiving avanafil were mild in severity and similar to those observed with other PDE5 inhibitors. The most common AE with avanafil treatment was flushing. This did not seem to be dose-related. Visual impairment was reported in one patient with sildenafil treatment, but there was no visual impairment reported with either avanafil or placebo.

This Phase II study[@b42-tcrm-10-701] illustrates avanafil's efficacy and safety for men with mild to moderate ED. Avanafil had rapid onset of action and significantly improved erectile function in response to VSS. During the early interval after dosing, the majority of the efficacy end points for all three avanafil treatment groups were superior to placebo. Compared to sildenafil, which showed greatest efficacy during the late interval, avanafil showed high efficacy earlier after dosing. All doses of avanafil showed some degree of efficacy during the middle interval, and only the 200 mg dose continued to show high efficacy during the late interval. Though avanafil has rapid onset, it appears that the highest dose (200 mg) still remains effective in improving erectile function (EF) for longer periods.

Phase III studies
-----------------

The first Phase III clinical trial for avanafil assessed its efficacy and safety with 200 men in Korea in a multicenter randomized double-blind placebo-controlled fix-dosed study ([Table 4](#t4-tcrm-10-701){ref-type="table"}).[@b43-tcrm-10-701] All subjects were \>20 years of age with duration of ED ≥6 months and had made at least four attempts at sexual intercourse, of which at least 50% were unsuccessful, during the 4-week treatment-free run-in period. Patients with possible confounding health conditions such as cardiovascular disease, endocrine disorders, diabetes mellitus (DM), spinal cord injury, or previous pelvic surgery were excluded from this study. Subjects were randomized to receive one of three treatments for 12 weeks: avanafil 100 mg; avanafil 200 mg; or placebo. They were instructed to take the medicine 30 minutes before sexual intercourse, but not to exceed one dose per day. The primary efficacy variable was the patient-reported change from baseline in the erectile function domain (EFD) scores on the International Index of Erectile Function (IIEF) questionnaire.[@b44-tcrm-10-701] This domain comprises questions one through five and number 15 on the questionnaire. Secondary efficacy variables were based on patient responses to questions two (SEP2) and three (SEP3) from the Sexual Encounter Profile. SEP2 is: "Were you able to insert your penis into your partner's vagina?" SEP3 is: "Did your erection last long enough for you to complete intercourse with ejaculation?" Patient satisfaction after the 12-week treatment period was also assessed with patient responses in other domains of the IIEF (orgasmic function, intercourse satisfaction, sexual desire, and overall satisfaction) and in the Global Assessment Question (GAQ): "Has the treatment you have been taking during the study improved your erections?" AEs were assessed according to seriousness, intensity, and the likely relationship to the study drug. Vital signs, laboratory values, and EKG readings were monitored and recorded for all patients.

Compared to placebo, the patients who received 100 mg or 200 mg of avanafil had a significantly improved IIEF-EFD score. After 12 weeks of on-demand use of avanafil, mean increases from baseline in IIEF-EFD score were 8.5 and 8.8 for the 100 mg and 200 mg groups, respectively. In comparison, the placebo group experienced no statistically significant improvement in IIEF-EFD score (mean increase of 3.5). Furthermore, both avanafil treatment groups showed significant improvements in IIEF-EFD as early as 4 weeks.

Notably, there were no statistically significant differences in IIEF-EFD score between the two avanafil groups. The avanafil treatment groups also showed similar improvements in secondary efficacy measurements -- responses to SEP2, SEP3, and GAQ -- compared to patients receiving placebo. After 12 weeks of treatment, the proportion of patients achieving normal EFD scores were 16.7%, 45.6%, and 39.39% in the placebo, avanafil 100 mg, and avanafil 200 mg treatment groups, respectively. In regard to patient satisfaction measurements, both avanafil groups were superior to placebo in the other IIEF domains: orgasmic function; intercourse satisfaction; and overall satisfaction. There was no significant difference between avanafil and placebo in the sexual desire domain. AEs reported with avanafil were similar to those commonly observed with other PDE5 inhibitors. The most frequently reported AEs were flushing (11% and 13%) and mild to moderate headache (4% and 10%) in patients receiving avanafil 100 mg and 200 mg, respectively. There were no reported AEs in objective measurements of vital signs, laboratory values, or EKG readings.

In another Phase III multicenter double-blind placebo-controlled study, 646 men with mild to severe ED were randomized to one of four treatment groups for 12 weeks: avanafil 50 mg; avanafil 100 mg; avanafil 200 mg; or placebo.[@b45-tcrm-10-701] The men were stratified within each treatment arm by severity of ED so that, within each group, one third of subjects had mild ED (IIEF-EFD score 17--25), one third had moderate ED (11--16), and one third had severe ED (≤10). Subjects were instructed to self-administer the oral treatment medication 30 minutes prior to initiation of sexual activity and were informed that they could take a maximum of 2 doses in a 24-hour period under the stipulation that the doses were spaced ≥12 hours apart. The mean age of subjects was 56 years, and those with diabetes mellitus (DM) and other potential complicating health conditions were excluded. However, patients were not excluded based on prior ED therapy. 72% of subjects had received previous oral treatment for ED (PDE5 inhibitor or herbals), with 7.5% of those patients having failed that therapy. The mean duration of ED for the placebo group was 75 months, and for the combined avanafil groups was 79 months. Baseline IIEF-EFD scores were 12.4 and 12.7 for the placebo and avanafil groups, respectively. Primary efficacy outcomes were patient-reported improvement in erectile function based on change from baseline IIEF-EFD score, SEP2, and SEP3. Secondary end points were based on responses for the other domains of the IIEF: orgasmic function; sexual desire; intercourse satisfaction; and overall satisfaction.

After 12 weeks of treatment with avanafil, there were significant improvements in sexual function with all three doses compared to placebo. The mean IIEF-EFD scores increased from 12.6 to 18.1, 12.6 to 20.9, and 12.8 to 22.2 for the 50 mg, 100 mg, and 200 mg groups, respectively. With regard to SEP2, significant improvement was demonstrated with all doses of avanafil compared to placebo (*P*\<0.001). Successful vaginal penetration rates (SEP2) increased from 45% to 64% for the 50 mg group, from 47% to 74% for the 100 mg group, and from 48% to 77% for the 200 mg group. With regard to successful intercourse (SEP3), rates increased from 13% to 41% for the 50 mg group, from 14% to 57% for the 100 mg group, and from 12% to 57% for the 200 mg group. There was no significant change in primary end points for the placebo group. All doses of avanafil increased the percentage of subjects with normalized IIEF-EFD scores (≥26) more than placebo. Importantly, the 50 mg dose was found to be inferior to the 100 and 200 mg doses in the primary end points. However, there was no appreciable difference between the 100 mg and 200 mg doses, regardless of baseline ED grade. Furthermore, all doses of avanafil produced statistically similar improvements in EF, irrespective of prior ED therapy.

Patients reported significant improvements in three of the four other domains of the IIEF questionnaire with all doses of avanafil. However, patients receiving higher doses (100 mg and 200 mg) experienced markedly greater changes than those receiving the lowest dose (50 mg). Improvements in the sexual desire domain were minimal in all avanafil treatment groups. This study also evaluated the timing of successful intercourse attempts (SEP3) following drug administration. With all three doses, patients reported substantial improvements in percentage of successful sexual attempts within 15 minutes of administration. Patients receiving avanafil 50 mg, avanafil 100 mg, and avanafil 200 mg were successful in 64%, 67%, and 71% of sexual attempts within 15 minutes of dosing, compared to 27% for patients receiving placebo. This is consistent with avanafil's pharmacokinetic profile, which includes a rapid onset of action.

Avanafil treatment was well tolerated; 37.9% of patients receiving avanafil and 26.1% of patients receiving placebo reported AEs. The most frequently reported AEs included headache, flushing, nasal congestion, nasopharyngitis, and back pain. Hemodynamic AEs (dizziness and syncope) occurred in \<2% of patients receiving avanafil. Discontinuation rates due to AEs were low among all groups, ranging from 1.9% to 3.1%.

In this Phase III clinical trial,[@b45-tcrm-10-701] on-demand avanafil showed efficacy for improving EF in patients with uncomplicated ED. Similar to other studies, avanafil showed a fast onset of action, with treatment responses as early as 15 minutes, and effects reported beyond 6 hours in some patients. The infrequency of AEs supports avanafil's favorable pharmacodynamic properties.

Phase III studies in difficult-to-treat populations
---------------------------------------------------

A Phase III multicenter randomized double-blind placebo-controlled study investigated the efficacy of avanafil for treatment of men with ED and concurrent DM.[@b46-tcrm-10-701] The prevalence of ED in men with DM has been reported to be as high as 71%. In this study, 390 men aged 18 years or older with documented type 1 or 2 DM and ≥6 months' history of mild to severe ED were randomized to receive treatment for 12 weeks, which included avanafil 100 mg, avanafil 200 mg, or placebo. The study was limited to men with controlled DM; those with glycated hemoglobin \>9% were excluded. Ninety percent of subjects had type 2 DM and most presented with moderate to severe ED (78%). Additionally, the majority of patients had other comorbidities such as dyslipidemia and hypertension, and were actively taking medications for these conditions. Previous use of oral ED therapy was reported in 75% of the study population.

Subjects were instructed to take the drug 30 minutes before initiation of sexual activity and were allowed up to two doses per day, but subsequent doses had to be separated by ≥12 hours. Efficacy was assessed by three primary end points: change in response to SEP3; change in response to SEP2; and change in IIEF-EFD score. Secondary efficacy variables included change in response to individual diary questions and other components of the IIEF between baseline and the end of treatment. Safety was monitored by reported AEs and vital signs at each visit. Additionally, EKG, laboratory values, and physical examination results were evaluated at screening and at the final visit.

Compared to placebo, mean change from baseline in IIEF-EFD, SEP2, and SEP3, were significantly improved with both avanafil treatments. Mean increases in IIEF-ED score of the avanafil 100 mg group and avanafil 200 mg group were 4.5 and 5.4, respectively, compared to 1.8 for the placebo group. Percentage of attempts with successful vaginal penetration was increased by 21.5% and 25.9% for avanafil 100 mg and avanafil 200 mg, respectively. The placebo group only experienced a 7.5% increase in this end point. With regard to SEP3, avanafil improved the ability of men with ED to maintain an erection of sufficient duration for successful intercourse. The improvements in successful sexual attempts were 13.6%, 28.7%, and 34.0% for placebo, avanafil 100 mg, and avanafil 200 mg, respectively. There were no appreciable differences in primary end points between the two avanafil dosage groups. It is also notable that avanafil's benefit was consistent across all subjects regardless of type of DM, DM duration, baseline ED severity, and duration of ED.

Secondary end points were also improved by treatment with avanafil. Specifically, patients reported enhanced orgasmic function, intercourse satisfaction, and overall satisfaction after the treatment period, using the IIEF questionnaire. Patient responses to diary questions about satisfaction with sexual experience are consistent with the improved IIEF domain scores. Similar to other studies, there was no notable change in sexual desire after treatment. With regard to the duration of action of avanafil, patients receiving avanafil reported significant increase in percentage of successful sexual attempts (SEP3) from \<15 minutes after dosing to \>6 hours after dosing. For attempts initiated \<15 minutes after administration, 62.3% and 35.6% were successful in men receiving avanafil 100 and 200 mg, respectively, compared to 26.1% for placebo-treated men. For attempts initiated \>6 hours after dosing, 50% and 67.7% were successful after treatment with avanafil 100 and 200 mg, respectively, compared to 4.8% for the placebo group. Though avanafil has been promoted for its rapid absorption and onset, it also maintains positive effects on EF 6 hours after administration.

Drug-related AEs were reported in 23.8%, 35.4%, and 32.1% of patients receiving placebo, avanafil 100 mg, and avanafil 200 mg, respectively. All drug-related AEs were mild or moderate -- most commonly headache, nasopharyngitis, flushing, and back pain. Vision changes were reported in one patient overall; he was taking avanafil 200 mg. There were no significant drug-related changes in vital signs, laboratory values, or physical examination results, and there were no reported drug--drug interactions with antidiabetic medications. These data support avanafil's selectivity for the PDE5 enzyme as determined by in vitro studies. Further, it appears safe to administer to diabetic patients as well as patients on blood-pressure lowering medications, including alpha-blockers (sample size of 24 patients).

The efficacy and safety of avanafil in a different difficult-to-treat population -- men with prior pelvic surgery -- was evaluated in a Phase III clinical trial.[@b47-tcrm-10-701] This randomized double-blind placebo-controlled parallel group study included males aged 18--70 years with a history of ED of 6 months or more after bilateral nerve sparing radical prostatectomy. Patients who had undergone chemotherapy, radiation, androgen-deprivation therapy, or penile-rehabilitation treatment were excluded from this study. Administration of medications for hypertension was permitted, including the use of alpha-blockers. A total of 298 patients were randomized to receive avanafil 100 mg, avanafil 200 mg, or placebo for 12 weeks. The drug was to be taken approximately 30 minutes before initiation of sexual activity. Patients were restricted to a maximum of two doses per 24-hour period. At baseline, 71.5% of patients had severe ED, with a mean overall IIEF-EFD score of 9.2. The mean SEP3 sexual-attempt success rate at baseline was \<5%. Primary end points of the study were change in SEP2, SEP3, and IIEF-EFD from baseline to the end of treatment. Secondary end points included the remaining domains of the IIEF questionnaire, responses to subject diary questions and GAQ on treatment effect, and future use of the study drug.

Following 12 weeks of treatment with avanafil, there was a significantly greater increase in SEP2, SEP3, and change in mean IIEF-EFD compared to placebo (*P*\<0.01). At the end of treatment, SEP2 rates increased from 17% to 32% and 20% to 41% with the 100 mg and 200 mg doses, respectively. There was no change for the placebo group. SEP3 rates increased from 5% to 23%, 5% to 26%, and 4% to 9% for avanafil 100 mg, avanafil 200 mg, and placebo, respectively. With regard to IIEF-EFD scores, patients in the 100 mg avanafil group had an improvement of 3.6 (40% change) and patients in the 200 mg group had an improvement of 5.2 (55% change), compared with 0.1 (1% change) for placebo. Both doses of avanafil produced significant improvements in EF regardless of baseline ED severity or patient age. However, only the avanafil 200 mg group demonstrated improvement in all three primary end points irrespective of the surgical approach (open, laparoscopic, or robotic).

Secondary end points all showed increased patient satisfaction with avanafil over placebo. Subject diary responses identified that patients receiving avanafil were more satisfied with their erection and experienced an enhanced sexual experience. Of the avanafil 100 mg and avanafil 200 mg groups, 31.3% and 41.3% of patients responded that the treatment improved their erections (GAQ). Treatment with avanafil 200 mg generated a much more positive response to the future use question about using the study drug if it were available today (57.6%), compared to avanafil 100 mg (39.8%), and placebo (27.7%). This study also evaluated the duration of action of avanafil. Patients who received avanafil 100 mg reported significant improvement in SEP2 and SEP3 in all time intervals measured (from ≤15 minutes through \>6 hours after dosing). The 200 mg avanafil group only experienced marked improvement in SEP2 and SEP3, compared to placebo, until 4 hours post-administration. Similar to other studies, there was a statistically significant improvement in successful sexual attempts (SEP3) for both doses of avanafil within ≤15 minutes in the interval after dosing.

Avanafil was tolerated well, with only 2% of patients discontinuing from the study due to AEs. No severe AEs were reported. The most common AEs were headache (7.0%), flushing (5.0%), and nasopharyngitis (2.7%), and the severity of these AEs appeared to be dose-dependent. Hemodynamic AEs occurred in less than 2% of patients. This study demonstrates that patients with post-radical prostatectomy ED can benefit from treatment with avanafil, though this response may be reduced compared to that in the rest of the population.

Phase III studies evaluating long-term use of avanafil
------------------------------------------------------

In order to determine the long-term efficacy, safety, and tolerability of avanafil, a 52-week, open label extension of two of the previous 12-week Phase III trials was conducted.[@b45-tcrm-10-701],[@b46-tcrm-10-701] Patients from Research Evaluating an Investigational Medication for Erectile Dysfunction (REVIVE) TA-301 (DM excluded study) and TA-302 (exclusively patients with DM) were included in this continuation study.[@b48-tcrm-10-701] All patients in the extension trial were assigned to treatment with avanafil 100 mg. Patients were allowed, upon request, to either increase their dose to 200 mg for increased efficacy or decrease their dose to 50 mg for increased tolerability. Again, patients were told to take one dose of the drug approximately 30 minutes before sexual activity, with a maximum of two doses in any 24-hour period. A total of 712 patients were initially enrolled with a mean age of 56.4 years. The mean duration of ED was greater than 5 years. Approximately 32% of the patients had concomitant DM. A total of 171 patients remained on avanafil 100 mg for the entire study (100 mg group), while 536 requested their dose be increased to 200 mg (100 mg/200 mg group) and only three patients requested a decreased dose (100 mg/50 mg group). In total, 492 patients completed the extended trial. Primary end points of the study were change in SEP2, SEP3, and IIEF-EFD from baseline to the end of treatment.

Avanafil treatment was associated with SEP2 improvements from 44.1% at baseline to 83.3% for the 100 mg group and from 43.0% to 79.4% for the 100 mg/200 mg group. SEP3 rates increased from 13.3% to 67.7% in the 100 mg group and from 11.4% to 66.3% in the 100 mg/200 mg group. The mean IIEF-EFD score improved from 13.6 to 22.2 and from 11.9 to 22.7 for the 100 mg and 100 mg/200 mg groups, respectively. AEs were similar to those reported in other clinical trials. A 30.9% discontinuation rate was noted, however only 2.8% were due to AEs. As with previous trials, avanafil showed rapid onset of action and an effect lasting beyond 6 hours of dosing. Overall, 75% of patients requested an increase in avanafil dosage from 100 mg to 200 mg. These patients reported an additional improvement in erectile function with this change. Of those patients who did not respond initially to the 100 mg dose, 65% went on to respond to the increased dose.

Conclusion
==========

Since the introduction of sildenafil in 1998, PDE5 inhibitors have demonstrated a remarkable efficacy in treating ED. Avanafil is a novel US Food and Drug Administration-approved second-generation PDE5 inhibitor that offers a favorable pharmacodynamic and pharmacokinetic profile in comparison to current PDE5 inhibitors. Studies of avanafil have shown superior selectivity for the PDE5 isoenzyme and fewer interactions with other PDE isoenzymes, hence exhibiting fewer side effects and drug--drug interactions. Notably, avanafil has fewer hemodynamic side effects and appears safe to use in patients on blood-pressure lowering medications. As a significant group of patients with ED have concomitant cardiovascular conditions, this quality may make second-generation PDE5 inhibitors with minimal effects on blood pressure a tolerable treatment for many patients.

Avanafil has a rapid onset and shorter duration of action than current PDE5 inhibitors. It reaches maximal plasma levels in less than 30 minutes and improves EF in less than 15 minutes after dosing. Avanafil remains effective for 6 hours and may maintain benefits longer in some patients. Its brief plasma half-life (3--5 hours) reduces the risk of drug--drug interactions -- an important property in a patient population that is often taking medications for other health related conditions.

Most importantly, avanafil has demonstrated comparable efficacy to the current oral PDE5 inhibitor options: sildenafil, vardenafil, and tadalafil. Patients have consistently been satisfied with the effects of avanafil on their sexual lives, including those who had previously tried and failed other ED therapies. Avanafil's benefits also apply to patients with comorbidities such as those with concurrent DM or prior pelvic surgery.
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###### 

Summary of pharmacokinetics of avanafil, sildenafil, vardenafil, and tadalafil

  Parameter                        Avanafil                   Sildenafil                 Vardenafil                         Tadalafil
  -------------------------------- -------------------------- -------------------------- ---------------------------------- --------------------------
  T~max~ (min)                     30--45                     60                         60                                 120
  Onset of action                  15                         30--60                     15--30                             15--45
  Delay with high-fat meal (min)   67--75                     60                         60                                 0
  T~1/2~ (hr)                      3--5                       4                          4--5                               17.5
  Duration of action (hr)          6                          12                         12                                 36
  Metabolism                       Hepatic (CYP3A4)           Hepatic (CYP3A4)           Hepatic (CYP3A4)                   Hepatic (CYP3A4)
  Mode of excretion                Feces (62%), urine (21%)   Feces (80%), urine (13%)   Feces (91%--95%), urine (2%--6%)   Feces (61%), urine (36%)

**Abbreviations:** min, minutes; hr, hours; T~1/2~, plasma half-life; T~max~, time to maximum concentration; CYP, cytochrome P.

###### 

Summary of the clinically relevant PDE isoenzymes

  PDE isoenzyme   Tissue expression                                                           Main function                                                              Suggested associated AEs
  --------------- --------------------------------------------------------------------------- -------------------------------------------------------------------------- -----------------------------------------------------
  PDE1            Brain, heart, vascular smooth muscle, testis, immune system                 Neuronal signaling, vascular smooth muscle proliferation and contraction   Hemodynamic effects, interaction with nitroglycerin
  PDE5            Vascular smooth muscle (corpus cavernosum, lung), platelets, heart, brain   Vascular smooth muscle contraction                                         
  PDE6            Retina                                                                      Visual phototransduction                                                   Cyanopsia, sensitivity to light, blurry vision
  PDE11           Skeletal muscle, prostate, testis, liver, heart, pituitary                  Unknown, but possible role in sperm development and function               Back pain, myalgia

**Abbreviations:** AEs, adverse events; PDE, phosphodiesterase.

###### 

Potency and selectivity (fold difference versus PDE5) of avanafil, sildenafil, vardenafil, and tadalafil for clinically relevant PDE isoenzymes

  Parameter                           Avanafil        Sildenafil   Vardenafil   Tadalafil
  ----------------------------------- --------------- ------------ ------------ ---------------
  Mean IC~50~ for PDE5 (nM)           5.2             1.6          0.1          4.0
  Selectivity for PDE1 versus PDE5    \>10,000-fold   375-fold     1,000-fold   \>10,000-fold
  Selectivity for PDE6 versus PDE5    121-fold        16-fold      21-fold      550-fold
  Selectivity for PDE11 versus PDE5   \>19,000-fold   4,875-fold   5,950-fold   25-fold

**Abbreviations:** IC~50~, half-maximal inhibitory concentration; PDE, phosphodiesterase.

###### 

Phase III clinical trials overview

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Trial                                Population                                            Patient number                                          Treatment duration                                      Dosage (mg)         Results                                                                         
  ------------------------------------ ----------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------- ------------------- --------- ------- ----------------------------------------------------- ------- -------
  Goldstein et al[@b45-tcrm-10-701]\   General (excludes diabetes)                           646                                                     12 weeks                                                Placebo             2.9       7.0%    14.0%                                                 26.1%   3.1%
  REVIVE (TA-301)                                                                                                                                                                                                                                                                                                

  Avanafil 50                          5.5[\*](#tfn4-tcrm-10-701){ref-type="table-fn"}       19%[\*](#tfn4-tcrm-10-701){ref-type="table-fn"}         28.0%[\*](#tfn4-tcrm-10-701){ref-type="table-fn"}       32.5%               1.9%                                                                            

  Avanafil 100                         8.3[\*\*\*](#tfn6-tcrm-10-701){ref-type="table-fn"}   27.0%[\*\*\*](#tfn6-tcrm-10-701){ref-type="table-fn"}   43.0%[\*\*\*](#tfn6-tcrm-10-701){ref-type="table-fn"}   42.2%               3.1%                                                                            

  Avanafil 200                         9.4[\*\*\*](#tfn6-tcrm-10-701){ref-type="table-fn"}   29.0%[\*\*\*](#tfn6-tcrm-10-701){ref-type="table-fn"}   45.0%[\*\*\*](#tfn6-tcrm-10-701){ref-type="table-fn"}   38.9%               2.5%                                                                            

  Goldstein et al[@b46-tcrm-10-701]\   Diabetes                                              390                                                     12 weeks                                                Placebo             1.8       7.5%    13.6%[\*\*](#tfn5-tcrm-10-701){ref-type="table-fn"}   23.8%   0.0%
  REVIVE-D (TA-302)                                                                                                                                                                                                                                                                                              

  Avanafil 100                         4.5[\*\*](#tfn5-tcrm-10-701){ref-type="table-fn"}     21.5%[\*\*](#tfn5-tcrm-10-701){ref-type="table-fn"}     28.7%[\*\*](#tfn5-tcrm-10-701){ref-type="table-fn"}     35.4%               0.0%                                                                            

  Avanafil 200                         5.4[\*\*](#tfn5-tcrm-10-701){ref-type="table-fn"}     25.9%[\*\*](#tfn5-tcrm-10-701){ref-type="table-fn"}     34.0%[\*\*](#tfn5-tcrm-10-701){ref-type="table-fn"}     32.1%               0.8%                                                                            

  Mulhall et al[@b47-tcrm-10-701]\     Post-radical prostatectomy                            298                                                     12 weeks                                                Placebo             0.1       0.0%    5.0%                                                  23.0%   0.01%
  REVIVE-RP (TA-303)                                                                                                                                                                                                                                                                                             

  Avanafil 100                         3.6[\*\*](#tfn5-tcrm-10-701){ref-type="table-fn"}     15.0%[\*\*](#tfn5-tcrm-10-701){ref-type="table-fn"}     18.0%[\*\*](#tfn5-tcrm-10-701){ref-type="table-fn"}     38.4%               0.02%                                                                           

  Avanafil 200                         5.2[\*\*](#tfn5-tcrm-10-701){ref-type="table-fn"}     21.0%[\*\*](#tfn5-tcrm-10-701){ref-type="table-fn"}     21.0%                                                   45.5%               0.02%                                                                           

  Belkoff et al[@b48-tcrm-10-701]\     Open label                                            712                                                     52 weeks                                                Avanafil 100 only   8.6       39.2%   54.4%                                                 19.0%   1.8%
  REVIVE-S (TA-314)                                                                                                                                                                                                                                                                                              

  Avanafil 100/200                     10.8                                                  36.4%                                                   54.9%                                                   35.6%               1.2%                                                                            
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:**

*P*\<0.005 versus placebo

*P*\<0.001 versus placebo

*P*\<0.0001 versus placebo.

**Abbreviations:** AEs, adverse events; IIEF, International Index of Erectile Function; REVIVE, Research Evaluating an Investigational Medication for Erectile Dysfunction; REVIVE-D, Research Evaluating an Investigational Medication for Erectile Dysfunction with Diabetes; REVIVE-RP, Research Evaluating an Investigational Medication for Erectile Dysfunction with Radical Prostatectomy; REVIVE-S, Research Evaluating an Investigational Medication for Erectile Dysfunction Safety Trial; SEP2, Sexual Encounter Profile question two: "Were you able to insert your penis into your partner's vagina?"; SEP3, Sexual Encounter Profile question three: "Did your erection last long enough for you to complete intercourse with ejaculation?".
